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Historically, thermal comfort research has relied on subjective questionnaires to infer the human physiological response to changing thermal environments, leading to potential bias in results and subsequent interpretations. In this study, we investigate the effect of a moderately warm environment on salivary cortisol concentration, as a potential bio-marker for thermal comfort research. Twelve participants (six men and six women) performed different neurobehavioral tests at neutral and warm thermal environments (operative temperature equal to 23°C and 30°C respectively), followed by a neutral recovery phase. During the experiment participants were assessed physiologically and psychologically. Salivary cortisol concentration did not change between the neutral and warm phase, however it increased as thermal dissatisfaction (measured with both the thermal sensation vote (TSV) and the thermal preference vote (TPV)) increased. This suggests that cortisol concentration in saliva could be used as a bio-marker of stress in thermal comfort research.
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1 INTRODUCTION
Cortisol is a steroid hormone, which is released in response to acute stress. Cortisol is essential for regulating blood pressure, glucose levels and carbohydrate metabolism. Too high or too low cortisol production can both harm the immune system and cause physical and psychological problems (Koh & Koh, 2007).
Earlier studies have investigated the effect of heat and exercise on plasma cortisol concentration  ADDIN EN.CITE (Brenner et al., 1998; Hoffman et al., 1997). Compared to plasma, saliva collection is a non-invasive and easier to obtain method. It is also less likely to cause stress due to needle fear. Therefore, in the last decade, salivary cortisol has been increasingly used in psycho-biological studies as a bio-marker of stress (Levine et al., 2007). Several experiments have shown that salivary cortisol concentration increases under different physical and psychological stressors (Levine et al., 2007). However, experiments which have looked at the effect of thermal stress have considered exposure to extremely hot environments (above 40°C), which is rarely the case in buildings. Only Lan et al. (2011) have measured salivary cortisol levels in participants exposed to two different moderate thermal conditions characterized by air temperatures of 22°C and 30°C. No change in salivary cortisol was observed between the two thermal conditions. However, the first saliva sample was collected 25 minutes after the start of the first thermal exposure, while the second saliva sample was collected 90 minutes after the participants began the second exposure. Salivary cortisol is known to peak between 10 and 30 minutes from initial stress exposure (Levine et al., 2007), therefore further research is needed. The aim of this study was to investigate the effect of a moderate thermal stress on participants’ salivary cortisol level sampled 1 hour after the start of each thermal exposure.

2 METHODS
The experimental procedure is outlined in Figure 1. The experiment was carried out in the physiology laboratory of the University of Bath by using a tent (L*W*H = 2.5*2.5*2m). The tent was equipped with a table, a chair, a laptop and a portable heater which was used to control the temperature during the warm phase. The tent was illuminated with 2 fluorescent lamps. Sufficient ventilation was ensured via 2 holes near the top of the tent. The experiment was carried out in three successive weeks, one participant per day for a total of 3 hours, from 2 p.m. to 5 p.m. Salivary cortisol secretion follows a circadian cycle: it reaches the peak just after awakening and decreases progressively during the day, reaching the lower point in the evening under unstressed conditions (Kudielka, Hellhammer & Wüst, 2009). Since the endocrine response after stimulation is dependent on the pre-stress baseline level, the response would be smaller in the morning. Therefore, the experiment was carried out in the afternoon.
Each subject was exposed to three conditions, for one hour each: neutral, warm and neutral. At the beginning of the second hour, the heater was turned on to increase the temperature of the tent until the operative temperature reached 30℃. It took about 10 minutes for the temperature to reach 30℃. Participants were asked to not leave the tent between the first two conditions unless they had to go to the toilet. After the second phase, the participant left the tent and stayed in the room, free to read magazines or books. The room was air conditioned and the temperature was maintained constant at about 22℃.


Figure 1. Experimental procedure.

The main activity of the participants during the session was typing, with an estimated activity level of 1.1 metabolic equivalent, MET (ISO-7730, 2005). Participants were asked to wear long sleeve sweatshirt, long trousers, socks and ankle length shoes. Clothing insulation was calculated equal to 0.75 clo, including 0.15 clo for the insulation of the chair (ISO-7730, 2005). According to Fanger’s comfort equation (ISO-7730, 2005) an operative temperature of 23℃ was estimated to be neutral for the given clo and MET values, and 30℃ was estimated to be warm.

2.1 Participants
All protocols were approved by the University ethics committee and written informed consent was obtained from the participants before they started the experiment. Participants were Chinese students, living in the UK for more than one year. Their mean characteristics are shown in Table 1. They were recruited based on the following criteria: good knowledge of English, good familiarity with the computer, non-smoker, not having taken either oral contraceptives, sex steroid supplementation or hormonal replacement therapy in the last six months, and not having undertook dental work in the last week (Kudielka et al., 2009). Participants were asked to avoid overexertion and to not drink alcohol the day before the experiment. They were asked to avoid food or drink intake (except water) and to not brush their teeth one hour before the start of the experiment. They were not allowed to adjust their clothing during the experiment. Each participant was paid £10 for his/her participation.






Body mass index (kg/m2)	19.1±1.3	20.8±1.8

2.2 Physical measurements
Black globe temperature, air temperature, relative humidity, air velocity and CO2 concentration were measured in the tent. Sensors characteristics are reported in Table 2. Operative temperature and predicted mean vote (PMV) were calculated from the measured data (ISO-7730, 2005). Additionally, air temperature and CO2 concentration were measured in the room.

Table 2. Sensors characteristics.
Sensor	Range	Accuracy
Black globe temperature	0 – 50°C	±0.1°C
Air temperature	10 – 40°C	±0.3°C
Relative humidity	0 – 100%	±1%
Omnidirectional anemometer for low air velocity	0.05 – 3m/s	±0.04 m/s at 0.05 – 1 m/s
		±5% read value at 1 – 3 m/s
CO2	0 – 5000ppm	±30ppm

During the experiment, saliva samples were obtained by passive drool. Participants were asked to accumulate and expel saliva into labeled tubes for 3 min. They provided an average of 7.3±0.8g of saliva per tube. The saliva samples were stored at 4°C prior to analysis. The quantitative determination of the free cortisol concentration present in the saliva sample was standardized by using the Salimetrics Salivary Cortisol ELISA Kit (Salimetrics PLACE UK). The calibrator range is 0.012-3.000 μg/dl and the sensitivity is lower than 0.007 μg/dl.
Participants’ task performance was evaluated by using neurobehavioral tests focusing on cognitive functions. Four different tests were selected: Mathematical Processing, Visual Reaction Time, Sustained Attention to Response and Operation Span Task. These tests were computerized with Inqusit 5 (Psychology Software Tool).

2.3 Subjective measurements
In each session, participants completed an initial survey which asked basic information, including sex, age, weight and height. They also completed the main survey every 15 min, and the task load survey after finishing the neurobehavioral tests at the end of each hour. The main survey asked about participants’ thermal comfort, their satisfaction with the environment and the experienced SBS symptoms. Thermal comfort was measured with the seven-point ASHRAE thermal sensation scale: hot (+3), warm (+2), slightly warm (+1), neutral (0), slightly cool (-1), cool (-2) and cold (-3). Thermal preference was measured with a five-point scale: much warmer (+2), a bit warmer (+1), no change (0), a bit cooler (-1), much cooler (-2). The task load survey was based on the National Aeronautics and Space Administration-Task Load index, NASA-TLX (Hart & Staveland, 1988). NASA-TLX includes questions about mental demand, physical demand, temporal demand, perceived performance, effort and frustration during the tests; responses were measured with a seven-point scale ranging from 1 (very low) to 7 (very high). All questionnaires were paper-based.

2.4 Statistical analysis
The Wilcoxon signed-rank test was used to compare sample means between two different phases. A non-parametric test was chosen due to the limited sample size and due to the fact that the sample distribution was non-normal. The selected significance level was 0.05. When more than one measurement for each participant and each phase was available, the measurements means were considered when computing the Wilcoxon signed-rank test.

3 RESULTS AND DISCUSSION
The measured environmental parameters and the calculated PMV values during the three phases are summarized in Table 3. The mean operative temperatures were controlled in accordance with the design set-points.

Table 3. Mean ± s.d. of environmental parameters and PMV values for the three phases.






Satisfaction about temperature, air quality and air movement all decreased at 30°C (all p<0.05; Figure 2). Both thermal and air quality/movement satisfaction increased once the participants returned to the neutral room.
Sick building syndrome (SBS) is the situation in which building occupants experience acute health and comfort effects, but no specific illness can be identified. Both an inappropriate indoor environment and an excessive working stress could cause SBS (Redlich, Sparer & Cullen, 1997). SBS symptoms increased from the neutral to the warm phase. In particular, in the warm environment participants felt dizzy, tired and drowsy. All the SBS symptoms were mitigated once the participants returned to the neutral room.
In this experiment, there were no differences in task performances between the two phases (p>0.05) and, as such, it is difficult to draw a definitive conclusion on how overheating affects working performances. Task type or complexity of the task, exposure time, temperature set-points, individual differences and many other factors could make the results quite different. Lan et al. (2011) argue that a short exposure to a moderate warm environment does not have an impact on task performance especially when participants are rewarded. Although task performances did not change, participants felt more discouraged, irritated and annoyed during the warm phase (p=0.03) as measured by the NASA-TLX survey. Physical and mental demand during the tasks did not change between the neutral and warm phase (p>0.05).


Figure 2. Mean ± s.d. of satisfaction levels as a function of time.

Mean TSV increased between the first and second phase (Figure 3; p=0.02; -0.02±0.55 and 1.44±0.57, respectively) and decreased between the second and third phase (p=0.002; 1.44±0.57 and -0.39±0.46, respectively). Mean TPV decreased between the first and second phase (Figure 3; p=0.002; 0.25±0.48 and -0.94±0.37, respectively) and increased between the second and third phase (p=0.002; -0.94±0.37 and 0.42±0.48, respectively). However, there were big individual differences between the participants. This was due to individual differences in thermal perception as wells as to difficulties in ensuring a uniform clothing insulation, and accurately control the environmental parameters as a climate chamber could not be used.


Figure 3. Mean ± s.d. of TSV and TPV as a function of time.

The mean salivary cortisol concentration did not change between phase 1 and phase 2 (p=0.64; 0.10±0.06 and 0.09±0.04 µg/dl, respectively), and decreased between phase 2 and phase 3 (p=0.01; 0.09±0.04 and 0.06±0.03 µg/dl, respectively).
To account for the large inter-individual difference in thermal perception, for each participant the change in thermal dissatisfaction, measured with both the mean thermal sensation vote (dTSV) and thermal preference vote (dTPV), was calculated between Phase 2 and Phase 1. These values were regressed against the percentage differences in cortisol concentration (%dcortisol) between the two phases. An increase in dTSV was associated with an increase in cortisol concentration (R2=0.35, p=0.04; Figure 4a), whereas a weaker relationship was observed for dTPV (R2=0.26, p=0.09; Figure 4b).


Figure 4. Regression lines fitted between dTSV (a) and dTPV (b) and %dcortisol.

4 CONCLUSIONS
As part of this laboratory experiment, twelve participants performed different neurobehavioral tests at neutral and warm thermal environments, followed by a neutral recovery phase. The results show that, under the moderately warm environment, participants felt more dissatisfied with the environment in terms of temperature, air quality and air movement. Concurrently, SBS symptoms increased. However, task performances did not change between the neutral and warm condition. Salivary cortisol concentration was found to increase as thermal discomfort, measured with both the TSV and TPV, increased. The results of this pilot study show that salivary cortisol could be used as a biomarker of stress in thermal comfort research.

6 REFERENCES
Brenner, I., Shek, P. N., Zamecnik, J. & Shephard, R. J. (1998). Stress hormones and the immunological responses to heat and exercise. Int J Sports Med 19, 130-43.Hart, S. G. & Staveland, L. E. (1988). Development of NASA-TLX (Task Load Index): Results of Empirical and Theoretical Research. In Advances in Psychology, vol. Volume 52 (ed. A. H. Peter and M. Najmedin), pp. 139-183. North-Holland.Hoffman, J. R., Falk, B., Radom-Isaac, S., Weinstein, Y., Magazanik, A., Wang, Y. & Yarom, Y. (1997). The effect of environmental temperature on testosterone and cortisol responses to high intensity, intermittent exercise in humans. Eur J Appl Physiol Occup Physiol 75, 83-7.ISO-7730. (2005). Ergonomics of the thermal environment — Analytical determination and interpretation of thermal comfort using calculation of the PMV and PPD indices and local thermal comfort criteria.Koh, D. S. Q. & Koh, G. C. H. (2007). The use of salivary biomarkers in occupational and environmental medicine. Occupational and Environmental Medicine 64, 202-210.Kudielka, B. M., Hellhammer, D. H. & Wüst, S. (2009). Why do we respond so differently? Reviewing determinants of human salivary cortisol responses to challenge. Psychoneuroendocrinology 34, 2-18.Lan, L., Wargocki, P., Wyon, D. P. & Lian, Z. (2011). Effects of thermal discomfort in an office on perceived air quality, SBS symptoms, physiological responses, and human performance. Indoor Air 21, 376-90.Levine, A., Zagoory-Sharon, O., Feldman, R., Lewis, J. G. & Weller, A. (2007). Measuring cortisol in human psychobiological studies. Physiology & Behavior 90, 43-53.Redlich, C. A., Sparer, J. & Cullen, M. R. (1997). Sick-building syndrome. The Lancet 349, 1013-1016.
Hart, S. G. & Staveland, L. E. (1988). Development of NASA-TLX (Task Load Index): Results of Empirical and Theoretical Research. In Advances in Psychology, vol. Volume 52 (ed. A. H. Peter and M. Najmedin), pp. 139-183. North-Holland.
Hoffman, J. R., Falk, B., Radom-Isaac, S., Weinstein, Y., Magazanik, A., Wang, Y. & Yarom, Y. (1997). The effect of environmental temperature on testosterone and cortisol responses to high intensity, intermittent exercise in humans. Eur J Appl Physiol Occup Physiol 75, 83-7.
ISO-7730. (2005). Ergonomics of the thermal environment — Analytical determination and interpretation of thermal comfort using calculation of the PMV and PPD indices and local thermal comfort criteria.
Koh, D. S. Q. & Koh, G. C. H. (2007). The use of salivary biomarkers in occupational and environmental medicine. Occupational and Environmental Medicine 64, 202-210.
Kudielka, B. M., Hellhammer, D. H. & Wüst, S. (2009). Why do we respond so differently? Reviewing determinants of human salivary cortisol responses to challenge. Psychoneuroendocrinology 34, 2-18.
Lan, L., Wargocki, P., Wyon, D. P. & Lian, Z. (2011). Effects of thermal discomfort in an office on perceived air quality, SBS symptoms, physiological responses, and human performance. Indoor Air 21, 376-90.
Levine, A., Zagoory-Sharon, O., Feldman, R., Lewis, J. G. & Weller, A. (2007). Measuring cortisol in human psychobiological studies. Physiology & Behavior 90, 43-53.
Redlich, C. A., Sparer, J. & Cullen, M. R. (1997). Sick-building syndrome. The Lancet 349, 1013-1016.

